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Evidence for anaphase pulling forces during

C. elegans meiosis
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Xueer Jiang®, and Francis J. McNally®

Anaphase chromosome movement is thought to be mediated by pulling forces generated by end-on attachment of
microtubules to the outer face of kinetochores. However, it has been suggested that during C. elegans female meiosis, anaphase
is mediated by a kinetochore-independent pushing mechanism with microtubules only attached to the inner face of
segregating chromosomes. We found that the kinetochore proteins KNL-1 and KNL-3 are required for preanaphase
chromosome stretching, suggesting a role in pulling forces. In the absence of KNL-1,3, pairs of homologous chromosomes did
not separate and did not move toward a spindle pole. Instead, each homolog pair moved together with the same spindle pole
during anaphase B spindle elongation. Two masses of chromatin thus ended up at opposite spindle poles, giving the

appearance of successful anaphase.

Introduction

In eukaryotes, segregation of chromosomes during mitosis and
meiosis is widely thought to require kinetochores, multiprotein
structures that usually assemble at a single defined region of a
chromosome called a centromere and that mediate binding to
spindle microtubules. The outer kinetochore KMN network,
composed of KNL-1, the MIS-12 complex, and the NDC-80
complex, is thought to directly mediate attachment of chromo-
somes to spindle microtubules (Cheeseman et al., 2006). End-on
attachments of microtubule plus ends to NDC-80 complexes on
the outer face of chromosome pairs is coupled with depoly-
merization of the plus ends to generate pulling forces that sep-
arate chromosomes from each other and move chromatids
toward spindle poles. This results in a chromatid-to-pole
movement called anaphase A (Inoué and Ritter, 1978; Vukusié
et al, 2019). During anaphase B, the spindle lengthens and
chromosomes move with the separating poles (Inoué and Ritter,
1978). Anaphase B is thought to be driven by outward pushing
through a combination of anti-parallel sliding and microtubule
polymerization between the separating chromosomes (Vukusié
et al., 2019). Several observations have led to the idea that the
outer faces of kinetochores are still attached to spindle micro-
tubules during anaphase B. Bundles of microtubules called
K-fibers extend from pole to kinetochore during anaphase B
(Mastronarde et al., 1993; McDonald et al., 1992), and chromo-
some arms trail behind kinetochores during anaphase B (Inoué
and Ritter, 1978). Cutting the spindle between a kinetochore and

spindle pole sometimes caused the chromosome to transiently
stop moving (Spurck et al., 1997). In addition, depletion of ki-
netochore proteins blocked anaphase B chromosome movement
in the Caenorhabditis elegans embryonic mitotic spindle (Oegema
et al., 2001).

Several observations in C. elegans oocyte meiotic spindles
have suggested that different mechanisms are at work. (1) KNL-1,
which is required for recruiting NDC-80 to the kinetochore,
was reported to dissociate from chromosomes during anaphase
and not be required for anaphase chromosome movement
(Dumont et al., 2010). (2) Anaphase chromosome movement
was not affected by laser ablation on the poleward side of
chromosomes but was stopped by ablation between separating
chromosomes, suggesting that microtubules push outward on
the inner faces of separating chromosomes (Laband et al., 2017).
(3) End-on microtubule attachments have not been observed on
the poleward face of chromosomes. Only lateral microtubule
attachments have been observed in metaphase and early ana-
phase, and end-on attachment to the inner face of chromo-
somes has been observed in late anaphase (Laband et al., 2017;
McNally et al., 2006; Muscat et al., 2015; Redemann et al., 2018;
Wignall and Villeneuve, 2009; Yu et al., 2019). (4) The kineto-
chore protein KNL-3 dissociated from chromosomes during an-
aphase, and KNL-3 depletion actually rescued anaphase in
embryos depleted of the nuclear envelope and kinetochore
protein MEL-28 (Hattersley et al., 2016). This latter result suggested
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that MEL-28-dependent removal of the KMN network might be
important for anaphase.

In organisms with localized centromeres, the cohesin that
holds sister centromeres together is protected from separase
during anaphase I, ensuring that homologs separate during
anaphase I but sisters remain together until anaphase II
(Watanabe, 2005). Because C. elegans chromosomes do not have
localized centromeres, they cannot use this strategy for ensuring
homolog segregation before sister separation during meiosis.
Instead, a single crossover generates a bivalent with two long
arms and two short arms. Cohesion is protected on the long arms
during anaphase I (de Carvalho et al., 2008), and conserved ki-
netochore proteins form large cup-shaped structures that en-
velop each long arm (Dumont et al., 2010; Howe et al., 2001;
Monen et al., 2005). The aurora B kinase assembles along the
short arms, forming a large “midbivalent ring” between the ki-
netochore cups (Dumont et al., 2010; Kaitna et al., 2002; Rogers
et al.,, 2002; Wignall and Villeneuve, 2009). Aurora B kinase
mediates separase cleavage of short-arm cohesin and homolog
separation at anaphase I (Ferrandiz et al., 2018a; Rogers et al.,
2002). At anaphase onset, there is no apparent kinetochore
protein on the inner face of separating homologs, raising the
question of how microtubules might be attached to the inner face
of chromosomes as suggested by Laband et al. (2017). To address
this question, we first analyzed the localization of KNL-1 and the
MIS-12 subunit KNL-3 during anaphase in C. elegans female
meiosis.

Results

Endogenously GFP-tagged KNL-1 and KNL-3 transition from
cups to rings at the start of anaphase B

Live imaging of a C. elegans strain bearing in-frame GFP in-
sertions at the endogenous knl-1 and knl-3 loci revealed cup-
shaped structures enveloping the poleward face of mCherry:
histone H2b-labeled chromosomes during metaphase and early
anaphase (n = 10/10; Fig. 1 A, 0-2:05; Video 1). At the onset of
anaphase B, defined as the switch from spindle shortening to
spindle elongation, GFP-labeled KNL-1 and KNL-3 transitioned
to enveloping all sides of each separating homolog so that they
appeared as rings in optical sections (n = 10/10; Fig. 1 A, 2:45-4:
25). This transition was previously observed by antibody
staining of un-tagged KNL-1 (Monen et al., 2005). The fluores-
cence intensity of chromosome-associated KNL-1::GFP + GFP::
KNL-3, measured as a unitless ratio to background fluorescence,
decreased significantly between metaphase, 4.45 + 0.68 min
before initiation of spindle elongation, and the ring stage of
anaphase B, 0.63 + 0.11 min after initiation of spindle elongation
(metaphase: mean 5.09 + 0.71; n = 11; anaphase B: mean 1.96 +
0.15; n = 11; P = 0.0003), whereas the fluorescence intensity of
mCherry::H2b did not decrease significantly (metaphase: mean
2.80 + 0.31; n = 11; anaphase B: mean 3.00 + 0.36; n=11; P = 0.70).
This decrease in intensity might explain why KNL-1 and KNL-3
were previously described as dissociating from chromosomes
during anaphase (Davis-Roca et al., 2017; Dumont et al., 2010;
Hattersley et al., 2016). These rings also appeared at the onset of
anaphase B in strains with only KNL-1::GFP or only GFP::KNL-3
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(Fig. 1 B). The localization of kinetochore proteins on the inner
face of separating homologs could provide attachment points for
midzone microtubules during anaphase B. Consistent with this
idea, KNL-1::mCherry rings were surrounded by GFP::ASPM-1, a
microtubule minus-end binding protein (Fig. 1 C).

Kinetochore proteins are found in at least three pools during
oocyte meiosis. In addition to cups or rings around chromo-
somes, KNL-1 and 3 accumulated on spindle poles just before
spindle rotation (Fig. 1 A; 0:00; 10/10 spindles), as previously
reported for ZWL-1 (McNally et al., 2016), and were found in
ROD-1-dependent linear elements on the spindle and embryo
cortex during metaphase I (Fig. 1 D; 11/11 control embryos: cups
and linear elements; 13/13 rod-I(RNAi) embryos: cups but no
linear elements), as previously reported (Dumont et al., 2010).
KNL-1 and 3 still localized in rings around late anaphase ho-
mologs after ROD-1 depletion (Fig. 1 E; 11/11 controls had rings,
and 12/12 rod-1(RNAi) had rings), indicating they are not just
caused by occlusion of linear elements that have accumulated at
spindle poles. In control spindles, chromosomes are surrounded
by the spindle pole protein ASPM-1 during anaphase and occlude
GFP::ASPM-1 fluorescence (Fig. 1 F). Thus, the anaphase rings of
KNL-1/3 could simply result from occlusion of spindle pole KNL-
1,3 by chromosomes. However, in mei-2(RNAi) spindles, which
have no discrete spindle poles (Fig. 1 F; Connolly et al., 2014;
McNally and McNally, 2011), GFP-tagged KNL-1,3 still transi-
tioned from cups to rings (Fig. 1 G; 3/3 time-lapse sequences).
These results suggest that the KNL rings are not just an optical
artifact of chromosomes occluding spindle pole KNL-1,3 and that
the inner face of these rings could provide microtubule attach-
ment points during anaphase B, as further suggested by time-
lapse images of mKate2::tubulin and GFP-tagged KNL-1,3 (Fig. 2
A; 3:10-5:30) and by EM results (Laband et al., 2017; Redemann
et al., 2018).

Microtubules are in close proximity to the poleward face of
kinetochore cups

It has been suggested that C. elegans oocyte bivalents lack end-on
microtubule attachments on their poleward face for two rea-
sons. First, mCherry::H2b-labeled chromatin (McNally et al.,
2006, 2016; Wignall and Villeneuve, 2009) and DAPI-stained
chromatin (Davis-Roca et al., 2017; Muscat et al., 2015) reside
in microtubule-free channels during metaphase and early ana-
phase. Second, microtubule ends were not observed within 250
nm of the poleward chromatin surface at metaphase or anaphase
by EM (Redemann et al., 2018). The 250-nm distance was chosen
because of EM observations of a ribosome-free layer around C.
elegans chromosomes that has been interpreted as the kineto-
chore (Howe et al., 2001; O’'Toole et al., 2003). Endogenously
GFP-tagged KNL-1 and 3, however, extended much farther
poleward than mCherry:H2b (Fig. 1 A; 0:00). Indeed, simulta-
neous live imaging of mKate::tubulin and GFP-tagged KNL-1,3
revealed that the KNL cups completely fill the microtubule-free
channels (Fig. 2, B-D; and Video 1). In contrast, gaps are ap-
parent between the poleward face of mCherry::H2b and spindle
poles (Fig. 3 A). This observation raises the possibility that KNL-
1,3 extend farther poleward than the ribosome-free zone. If
microtubule plus ends are present in this farther-poleward
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volume, KNL-1-dependent NDC-80 (Dumont et al., 2010) might
transiently engage with these plus ends as the spindle shortens.
Alternatively, the microtubules on the poleward face of KNL-1,3
could generate pulling forces through lateral interactions with
the KNL cups, as suggested by EM analysis (Redemann et al.,
2018). The existence of pulling interactions is supported by the
observation of points of GFP-tagged KNL-1,3 extending poleward
from the tips of kinetochore cups (Fig. 2 B).

KNL-1 and KNL-3 are required for metaphase chromosome
congression and biorientation

Because Dumont et al. (2010) found that GFP::KNL-3 remained
in kinetochore cups after knl-1(RNAi), we chose to double deplete
KNL-1 and KNL-3 to more completely reduce kinetochore
function during meiosis. Two previously described methods
were used, auxin-induced degradation in strains with auxin-
induced degrons (AIDs) appended to the endogenous knl-I and
knl-3 genes and GFP(RNAi) on strains with GFP appended to the
endogenous knl-1and knl-3 genes (Vargas et al., 2019). After 48-h
RNAi, GFP fluorescence was not observed around chromosomes
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Figure 1. Kinetochores transition from cups to rings at
anaphase onset. (A-C) Single-focal plane time-lapse imaging
of meiosis | embryos expressing the indicated fusions. (A) 0 min
is mid spindle rotation. 1:15 is the beginning of homolog sepa-
ration. (B) Individual localization of KNL-1:GFP and GFP:KNL-3
in late anaphase, during spindle elongation. (C) KNL-1::mCherry
is surrounded by GFP:ASPM-1 at anaphase. (D and E) Fixed
immunofluorescence images show that metaphase kinetochore
cups (D) and anaphase kinetochore rings (E) remain on chro-
mosomes after depletion of linear elements. (F and G) Time-
lapse images reveal that KNL-1/3 still transition from cups to
rings in the absence of ASPM-1-labeled spindle poles. Bars = 3
um. mCh, mCherry.

DNA

mei-2(RNAJ)
anaphase |

in living embryos (Fig. 3 B); however, staining of fixed embryos
with a polyclonal anti-GFP antibody revealed faint puncta as-
sociated with meiotic chromosomes (Fig. S1, A and B). The anti-
GFP staining intensity of these residual puncta, measured as a
unitless ratio to background, was sixfold lower than that of the
cup structures around control RNAi chromosomes (control
RNAi: mean 12.6 + 1.2; n = 44 embryos; GFP(RNAi): mean 1.9 +
0.2; n = 16 embryos; P = 0.0001). Both auxin-induced degrada-
tion (Fig. 3 A) and GFP(RNAi) depletion of KNL-1 and KNL-3
(Fig. 3 B) resulted in failure to position bivalents at the meta-
phase plate. Because no significant differences were found be-
tween the two depletion methods (Fig. S2), phenotypic data
were pooled and are referred to as knl-1,3(kd) for “knockdown.”
In addition to failure of bivalents to position at a metaphase
plate (Fig. 3 C), bivalents frequently failed to orient down the
pole-to-pole axis of the spindle (Fig. 3 D). These two defects
were previously reported for knl-I(RNAi) (Dumont et al., 2010).
In addition, 40% of double-depleted metaphase spindles had at
least one bivalent on the outside edge of the spindle (Fig. 3, A, B,
and E). knl-1,3(kd) spindles frequently had two or more bivalents
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Figure 2. Microtubule-free channels are filled with kinetochores. (A and B) Single-focal plane time-lapse sequences of embryos expressing KNL-1::GFP,
GFP::KNL-3, and mKate::tubulin. Arrows indicate points of KNL-1,3 extending poleward. (C) Fluorescence intensity profile down the length of a shortened
spindle just before anaphase onset. Gray line indicates the half-maximal intensity of mKate::tubulin. The inside edge of the microtubule-free channel was
defined as the position of the inner red half-maximal intensity, and the outside edge of KNL was defined as the position of the outer green half-maximal
intensity. (D) The length of KNL signal divided by the length of its corresponding microtubule-free channel. Values and error bars indicate mean + SEM. Bars =

4 pm. ROI, region of interest; TUB, tubulin.

stacked end to end along the pole-to-pole axis of the spindle
(Fig. 3 A) as previously described (Vargas et al., 2019). Finally,
knl-1,3(kd) spindles did not have apparent microtubule-free
channels oriented in the pole-to-pole axis (Fig. 3 A). This
might indicate that intact kinetochore cups contribute to the
organization of spindle microtubules. However, these con-
gression defects were not due to a complete lack of spindle bi-
polarity as occurs in NDC-80-depleted mouse oocytes (Gui and
Homer, 2013; Yoshida et al., 2020). Z-stacks of 16/18 knl-1,3(kd)
live metaphase spindles labeled with GFP::ASPM-1 exhibited
two spindle poles (Video 2). 2/18 z-stacks exhibited a smaller
third pole. Instead, these congression defects might be due to a
lack of poleward pulling forces on chromosomes.
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KNL-1 and KNL-3 are required for bivalent stretching

Poleward pulling forces on the two halves of a bivalent before
cohesin cleavage should deform elastic chromatin, making
bivalents longer and narrower. To specifically test for
kinetochore-dependent chromosome stretching, we monitored
bivalent length in control or knl-13(kd) embryos expressing
mCherry::H2b and GFP::NPP-6, which labels kinetochore cups
independently of KNL-1 and 3 (Hattersley et al., 2016; Fig. 4 A).
We previously found that ZWL-1-labeled kinetochore cups
stretch dramatically just before homolog separation (McNally
et al.,, 2016). Because homolog separation is defective in knl-
1,3(kd) embryos (see below), we measured the change in biva-
lent length between 5.7 + 0.47 min and 2.2 + 0.15 min before
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Figure 3. knl-1,3(kd) metaphase spindles have chromosome congression and alignment defects. (A and B) Single time points from time-lapse sequences
of metaphase spindles depleted of KNL-1and KNL-3 by auxin-induced degradation (A) or GFP(RNAI) (B). Arrows indicate chromosomes on periphery of spindle.
The bright green body in the last image is that of a nearby sperm. (C) The relative position of each bivalent along the pole-to-pole axis of its spindle. A
congressed bivalent has an expected ratio of 0.5. (D) The angle of individual chromosomes relative to the pole-to-pole axis was determined in five control and
nine knl-13(kd) metaphase spindles. The alignment of each chromosome is illustrated below the graph. (E) The percentage of knl-13(kd) spindles with
chromosomes on the outside edge of the spindle. Error bars indicate mean + SEM. Bars = 4 um. ****, P < 0.0001. mNG, mNeonGreen; TUB, tubulin.

initiation of spindle elongation. Both inter-homolog (Fig. 4, B and
C) and intra-homolog (Fig. 4 D) distances increased significantly
between these time points (referred to as metaphase and pre-
anaphase) in control embryos. In knl-13(kd) embryos, inter-
homolog and intra-homolog distances did not increase between
metaphase and preanaphase, and these distances were signifi-
cantly smaller than in control embryos (Fig. 4, A-D; and Fig. S3,
A-D). The increase in bivalent length between metaphase and
preanaphase in control embryos might be due to ROD-
1-dependent expansion of kinetochore volume (Pereira et al.,
2018) or to stretching. However, the cross-sectional area of con-
trol bivalents did not change significantly at preanaphase when
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length increased (Fig. S3 E), and bivalent length still increased
after rod-1(RNAi) (distance between homolog centers, metaphase:
1.15 + 0.05 pm and preanaphase: 1.40 + 0.05 um; P = 0.0013). This
result indicated that KNL-1 and 3 are required for stretching that
would be indicative of preanaphase bipolar pulling forces on bi-
valents. Bivalent length (Fig. 4 B) and intra-homolog stretch
(Fig. 4 D) were also significantly reduced in knl-1,3(kd) relative to
controls at metaphase but to a lesser extent than at preanaphase.
These results suggest that reduced pulling forces could contribute
to the congression defect and that pulling forces increase just
before homolog separation (2.2 + 0.15 min before initiation of
spindle elongation).
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Figure 4. Depletion of KNL-1 and KNL-3 results in loss of bivalent stretching. (A) Single frames from time-lapse sequences showing the stages when
measurements were made. Metaphase: 5.7 min and preanaphase: 2.2 min before initiation of spindle elongation. (B) Distances between GFP::NPP-6-labeled
kinetochore edges. (C) Distances between mCherry::H2b-labeled homolog centers. (D) Distances between GFP:NPP-6-labeled kinetochore edges and
mCherry::H2b homolog centers, as a metric for intra-homolog stretching. Error bars and values are mean + SEM. Bar = 4 pm. *, P < 0.05; **, P < 0.01; ***, P <

0.001; **** P < 0.0001. N, number of embryos; n, number of bivalents.

KNL-1 and KNL-3 are required for anaphase A and homolog
separation

In control time-lapse sequences, all bivalents split into two ho-
mologs that moved to opposite spindle poles before the initiation
of spindle elongation (Fig. 5, A and E; and Video 3). In knl-1,3(kd)
embryos, 60% of bivalents did not split into two homologs before
the initiation of spindle elongation and instead moved intact
with one spindle pole during spindle elongation (Fig. 5, B, C, and
E; Video 4; and Video 5). 19 bivalents in 14 embryos that segre-
gated intact with one spindle pole eventually separated at het-
erogeneous times during spindle elongation (1.12 + 0.91 min;
range, 0.5-3.2 min after initiation of spindle elongation; Video
6). Only five bivalents remained intact through the end of the
time-lapse sequence. As judged by size, no bivalents were ob-
served in 11/11 metaphase II spindles, and both sister chromatids
0f 14/23 metaphase II univalents ended up at the same end of the
anaphase II spindle. The delay in bivalents splitting into two
homologs is not entirely an indirect consequence of the pre-
ceding congression defect since bivalents separated into two
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homologs in a mei-2(ct98) mutant that also had a severe con-
gression defect (Fig. 3 C; and Fig. 5, D and E) but had intact
kinetochore cups (Fig. 5 F). The congression defect could con-
tribute, however, as most of the bivalents segregating intact
were either stacked end to end at metaphase or were close to one
pole at the onset of anaphase B. Separase localization on meta-
phase chromosomes and between anaphase chromosomes ap-
peared normal in KNL-1,3-depleted spindles (Fig. S1), although a
delay in relocalization might not be detected. AIR-2, which is re-
quired for cleavage of cohesin by separase (Ferrandiz et al., 2018b;
Rogers et al., 2002), also localized normally between homologs at
metaphase (Fig. S4, A and B). AIR-2 also dissociated from chro-
mosomes and associated with midzone microtubules during ana-
phase in knl-1,3(kd) spindles as it did in controls (Fig. S4, A and B).

In control spindles, anaphase occurred in three phases. (1)
Spindles first shortened in the pole-to-pole axis. (2) Chromo-
somes then separated a short distance as the spindle continued
to shorten (anaphase A). (3) Spindles abruptly transitioned to
lengthening (anaphase B), during which chromosomes moved at
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Figure 5. KNL-1and KNL-3 are required for anaphase A chromosome segregation. (A-D) Representative time-lapse sequences of control (A), knl-1,3(kd)
(B and C), and mei-2(ct98) (D) embryos. Arrowheads in B and C indicate intact bivalents segregating. Double arrows in D indicate homolog separation. (E) The
fate of individual homolog pairs. (F) KNL-1 localizes properly to cups and rings in mei-2(ct98). (G-1) Representative plots of spindle length and distance between
homolog centers over time. For knl-1,3(kd) embryos, distance between separating intact bivalents is shown. Time O is initiation of spindle shortening. Double
arrows indicate the initiation of homolog separation in G and | and initiation of bivalent separation in H. Arrowheads indicate initiation of spindle elongation.
(J) Homolog separation velocities during the 90 s before initiation of spindle elongation. For knl-1,3(kd) embryos, velocities shown are between midbivalents of
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the same speed as the separating spindle poles (Fig. 5, A and G;  to the preceding congression defect, as anaphase A occurred in
McNally et al., 2016). In knl-1,3(kd) spindles, spindle shortening  mei-2(ct98) spindles, which also have a congression defect (Fig. 3
occurred at wild-type velocities (control: -1.03 + 0.06 um/min;  C; and Fig. 5, D and I).

n = 22; knl-1,3(kd): -0.98 + 0.06 pm/min; n = 18), but chromo- To more carefully document anaphase A velocities, we
somes only began to move apart when spindle elongation started measured the velocity of homolog separation during the 90 s
(Fig. 5, B, C, and H). This failure of anaphase A was not due only  before the initiation of spindle elongation because anaphase A

Danlasky et al. Journal of Cell Biology 7 of 18
Kinetochore pulling for meiotic homolog separation https://doi.org/10.1083/jcb.202005179


https://doi.org/10.1083/jcb.202005179

occurs during this period in control spindles (Fig. 5 G). Chro-
mosome movement was greatly reduced during this period in
knl-1,3(kd) spindles. These measurements included both dis-
tances between homologs that later segregated to opposite poles
(Fig. S2 B) and distances between stacked bivalents that later
separated from each other intact (Fig. 5 J). In contrast, anaphase
A velocities were significantly faster in mei-2(ct98) spindles than
in control spindles (Fig. 5J). These results suggest that KNL-1 and 3
are required for pulling forces that drive anaphase A while the
spindle is still shortening.

Anaphase B occurs in KNL-1,3-depleted spindles but is highly
error prone

The majority of chromosomes in knl-1,3(kd) spindles moved at
the same velocity as the separating spindle poles, and this ana-
phase B velocity was significantly faster than controls (Fig. 6 A
and Fig. S2 D). GFP:tubulin fluorescence appeared between
separating chromosomes in both control (Fig. 6 B) and knl-1,3(kd)
spindles (Fig. 6 C, arrowhead), consistent with fibers pushing
chromosomes apart. However, anaphase B was highly error
prone in knl-1,3(kd) spindles. One chromosome frequently moved
in a direction nearly perpendicular to the two major separating
masses of chromosomes, with bundles of microtubules lengthen-
ing between each major mass and the errant chromosome (Fig. 6
C, 10:10-12:10; Fig. 6, D and E; and Fig. S2 C). The observations
of intact bivalents moving apart (Fig. 5, C-E) and microtubule
bundles lengthening in three-way anaphases (Fig. 6 C) suggested
that microtubule bundles push any two chromosome masses apart
in knl-1,3(kd) spindles. The result of this promiscuous pushing
between intact bivalents was that the total mass of chromatin in
the two separated masses of chromosomes, measured as the 3D
sum of mCherry:H2b pixel values, was unequal in knl-13(kd)
spindles at the end of anaphase B (Fig. 6 F).

KNL-1,3 surround late-lagging univalents as they are stretched
Univalent X chromosomes, resulting from crossover failure in a
him-8 mutant, do not lose cohesion, frequently lag during late
anaphase, and appear to be stretched as they are captured by the
ingressing polar body membrane (Cortes et al., 2015; Fig. 7 A).
The explanation for stretching has been unclear because chro-
mosome stretching is associated with bipolar pulling forces and
because laser cutting experiments suggested that pushing forces
predominate in late anaphase (Laband et al., 2017). In 9/9 him-8
anaphase I spindles with a late-lagging univalent, GFP-tagged
KNL-1,3 enveloped the univalent as it stretched (Fig. 7 A and
Video 7). Because KNL-1,3 are required for metaphase chromo-
some stretching (Fig. 4), this result suggested that KNL-1,3 could
still be exerting pulling forces during late anaphase. The natu-
rally univalent X chromosome in spermatocytes is also stretched
during anaphase and is associated with both end-on and lateral
microtubule attachments to kinetochores (Fabig et al., 2020).
Davis-Roca et al. (2017) reported that a variety of conditions
causing meiotic errors result in a delay in the dissociation of
KNL-3 from anaphase chromosomes. However, we observed no
difference between control and him-8 embryos in the decrease of
KNL-1::GFP + GFP:KNL-3 between metaphase and anaphase
(Fig. 7 B).
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NDC-80 is required for KNL-1,3-dependent anaphase A
homolog separation but not anaphase A chromosome-to-pole
movement

NDC-80 and RZZ-dependent dynein are the most obvious can-
didates for KNL-1,3-dependent poleward force generators at
kinetochores because of their in vitro activities and because both
NDC-80 and the RZZ component ZWL-1 require KNL-1 for as-
sociation with kinetochore cups (Dumont et al., 2010). To test
whether the phenotypes of knl-1,3(kd) spindles could be caused
only by loss of NDC-80, we constructed a strain with a GFP tag at
the endogenous ndc-80 gene that also expressed mNeonGreen-
tagged tubulin and mCherry::H2b and that also contained the
KNL-1 and KNL-3 degrons. Auxin treatment indicated that as-
sociation of endogenously GFP-tagged NDC-80 is dependent on
KNL-1,3 (Fig. 8, A and B; n = 6/6 -1 oocytes). We then subjected
the ndc-80(GFP) worms to GFP(RNAi). This treatment resulted in
a complete loss of NDC-80 from kinetochore cups (Fig. 8 C; n =
14/15 -1 oocytes). Metaphase congression defects were observed
in a significantly lower fraction of NDC-80-depleted embryos
than in knl-1,3(kd) embryos (Fig. 8 D vs. Fig. 3 C; 21/24 spindles in
knl-1,3(kd) versus 4/10 ndc-80 spindles; Fisher’s exact test; P =
0.008). Bivalent stretching in NDC-80-depleted embryos was
intermediate between that of control and knl-1,3(kd) embryos
(Fig. S3, F-I). Similar to knl-13(kd) embryos (Fig. 5 E), intact
bivalents were observed moving apart from each other at high
frequency in NDC-80-depleted embryos (Fig. 8, D-F; Video 8;
and Video 9). In contrast with intact bivalents in knl-1,3(kd)
embryos, which exhibited no anaphase A-like chromosome
movement (Fig. 5, H and J), intact bivalents in NDC-80-depleted
spindles moved toward one pole at wild-type velocities (Fig. 8 F,
arrows; and Fig. 8 G). Anaphase B velocity was the same be-
tween control, NDC-80-depleted (Fig. 8 H), and knl-1,3(kd) em-
bryos (Fig. 6). The weaker phenotypes of NDC-80 depletion
suggested that either KNL-1,3 have some NDC-80-independent
function or that residual amounts of NDC-80, which were not
detectable by GFP fluorescence (Fig. 8 C), remain after GFP(RNAi)
but not after knl-1,3(kd).

Cytoplasmic dynein is not associated with anaphase
chromosomes, is not required for anaphase A, and restrains
anaphase B

Using endogenously GFP-tagged dynein heavy chain, we first
found that dynein was associated with metaphase I kinetochore
cups in time-lapse sequences of 8/10 control embryos (Fig. 9 A).
Previous studies of C. elegans mitosis (Gassmann et al., 2008) or
meiosis (Muscat et al., 2015) found kinetochore dynein only
in experimentally induced monopolar spindles. Our robust de-
tection in control embryos allowed us to demonstrate that
association of dynein with metaphase kinetochore cups was
dependent on KNL-1,3 (Fig. 9, A and B) and on ROD-1 (Fig. 9 C;
mean background subtracted pixel values at bivalents: control,
135 + 24; n = 10; knl-1,3(kd), 32 + 11; n = 10; rod-1(RNAi), 16 + 8;n =
8). During anaphase A, kinetochore dynein merges with spindle
pole dynein (Fig. 9 A), and spindle pole dynein is ASPM-1 de-
pendent (van der Voet et al., 2009). To test whether DHC-1
is associated with chromosomes during anaphase B, we
imaged endogenously tagged DHC-1 in aspm-1(RNAi) spindles.
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+ SEM. **, P < 0.01. Bars = 4 um. TUB, tubulin.

In aspm-1(RNAi) embryos, DHC-1 localized in kinetochore cups
during metaphase (8/10 embryos) but completely dissociated
from chromosomes before anaphase A (Fig. 9 D; n = 5/5 embryos,
mean background subtracted pixel values at aspm-1(RNAi) chro-
mosomes: metaphase, 152 + 34; n = 10; anaphase, 30 + 11;n = 5).
These results indicated that KNL-1,3 and ROD-1 target dynein
to kinetochore cups during metaphase but that dynein near
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chromosomes during anaphase A is not directly associated with
chromosomes and is instead associated with ASPM-1 and mi-
crotubules that surround the chromosomes.

To address the role of dynein in anaphase chromosome
movement, we monitored anaphase A velocities after 1 h of
auxin-induced degradation of DHC-1 (Zhang et al., 2015) and
after rod-1(RNAi). DHC-1::degron + auxin spindles failed to rotate
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and were long with pointed poles as previously reported for
partial RNAi depletion (Crowder et al., 2015; Ellefson and McNally,
2009), but anaphase A velocities were not significantly slower
than controls in DHC-1::AID + auxin or in rod-I(RNAi) spindles
(Fig. 9 E). Anaphase B velocities were significantly faster in DHC-
1:AID + auxin but not in rod-1(RNAi) (Fig. 9 F). These results are
consistent with previously reported wild-type or faster than wild-
type anaphase velocities in dhc-1(RNAi) (McNally et al., 2016), dhc-
1(ts), dnc-6(null), zwl-1(RNAi), and spdl-1(RNAi) (Laband et al., 2017).
These results indicate that chromosomal dynein does not play a
role in anaphase A or B but that nonchromosomal dynein slows
spindle elongation during anaphase B. We were unable to test for
redundancy between NDC-80 and dynein because endogenously
tagged NDC-80:GFP was not completely depleted in worms
treated with both GFP(RNAi) and rod-1(RNAi). However, because
DHC-1 is not associated with chromosomes during anaphase, it is
not likely to be an anaphase force generator at chromosomes.

Robust mechanisms mediate attachment of chromosomes

to microtubules

Kinetochores are widely thought to mediate attachment of
chromosomes to microtubules, but chromosomes were never
observed to completely dissociate from spindle microtubules in
knl-1,3(kd) spindles. This attachment might be mediated by a
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small residual number of molecules of KMN network proteins
or by KNL-1,3-independent microtubule-binding proteins.
Microtubule-binding proteins known to associate with chro-
mosomes in the absence of KNL-1 during metaphase include the
midbivalent ring components KLP-19, HCP-1,2, and CLS-2
(Dumont et al., 2010). The SUMO ligase, GEI-17, and SUMO are
required for recruitment of KLP-19 and BUB-1 to the midbivalent
ring (Pelisch et al,, 2019, 2017). Midbivalent rings elongate in
microtubule-free channels between separating homologs during
early anaphase, and then some components transfer to micro-
tubules in late anaphase (Fig. S4, A and C; Davis-Roca et al., 2018;
Dumont et al., 2010; Laband et al., 2017; Muscat et al., 2015;
Pelisch et al., 2019). Meiosis in auxin-treated knl-I, knl-3, klp-I9,
and knl-1, knl-3, gei-17 triple-degron strains proceeded essentially
identically to knl-1,3(kd) meiosis (Fig. S4, D-G; and Video 10). No
chromosomes completely detached from the spindle in 21 GEI-17
triple-depleted meioses and in only 2/14 KLP-19 triple-depleted
meioses, a chromosome that moved perpendicular to the long
axis of the spindle completely detached during late anaphase I
and was not incorporated into the metaphase II spindle (Fig.
S4 H).

The kinesin 13, KLP-7, is also a microtubule-binding protein
that is associated with chromosomes during meiosis and thus
might provide redundant attachments between chromosomes
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and microtubules. KLP-7 endogenously tagged at the C-terminus
with mNeonGreen (Heppert et al., 2018) and, observed live, was
most concentrated on meiotic chromosomes in a bi-lobed
pattern similar to histone H2b-labeled chromatin through-
out metaphase and anaphase, with lower amounts in the
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midbivalent ring during metaphase (Fig. 10 A, 0 and 2:30; Fig. S5
A; 11/11 control embryos). This pattern was similar to that pre-
viously observed (Connolly et al., 2015; Gigant et al., 2017; Han
et al.,, 2015). KLP-7::mNeonGreen was lost from midbivalent
rings in 6/7 knl-1,3(kd) embryos but remained associated with
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Figure 9. Dynein is not present on anaphase chromosomes, and auxin-induced degradation of dynein does not slow anaphase. (A-D) Representative
time-lapse images of endogenously GFP-tagged DHC-1. (A) In control embryos, DHC-1is in kinetochore cups at metaphase and spindle poles during anaphase A
and overlaps with poles and chromosomes during anaphase B. (B and C) Neither knl-1,3(kd) bivalents (B) nor rod-1(RNAi) bivalents (C) exhibit DHC-1 on ki-
netochore cups at metaphase. (D) aspm-1(RNAi) embryos retain DHC-1 on kinetochore cups at metaphase but have no DHC-1 on poles or anaphase chro-
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number of embryos; n, number of chromosomes.

chromatin throughout metaphase and anaphase in 7/7 knl-1,3(kd)
embryos (Fig. 10 B; and Fig. S5, A and B). In agreement with
previous studies (Connolly et al., 2015; Gigant et al., 2017; Han
et al., 2015), KLP-7 accumulated on spindle poles during spindle
shortening in control embryos (Fig. 10 A, 2:30). In contrast, KLP-7
did not accumulate on spindle poles in 6/7 knl-1,3(kd) embryos
(Fig. 10 B). In control but not knl-1,3(kd) embryos, the mean
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fluorescence intensity of KLP-7:mNeonGreen increased be-
tween metaphase and anaphase (Fig. 10 C). These results in-
dicate that KNL-1,3 recruited KLP-7 to spindle poles but not to
chromatin and that the increase in apparent chromosomal in-
tensity during anaphase in control embryos was due to merging
of pole and chromosomal pools. These results also suggest that
KLP-7 could mediate chromosome-microtubule attachments in
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the absence of KNL-1,3 during error-prone anaphase B. We
were unable to directly test this because knl-1,3(degron) kip-
7(RNAi) oocytes would not ovulate.

The C. elegans katanin, MEI-1/MEI-2, binds microtubules
(Joly et al., 2016; McNally et al., 2014; McNally and McNally,
2011) and colocalizes with DAPI or mCherry:H2b inside the
kinetochore cups (McNally et al., 2006; Srayko et al., 2000). mei-
1(null) mutants assemble apolar meiotic spindles (Connolly et al.,
2014; McNally and McNally, 2011). mei-I(RNAi) also results in an
increased velocity of cytoplasmic streaming during meiosis
(Kimura et al., 2017), which should scatter any chromosomes not
attached to the apolar spindle. Anti-GFP staining of fixed em-
bryos from a strain with endogenously GFP-tagged knl-1, knl-3,
and mei-1 genes after GFP(RNAi) did not reveal any GFP re-
maining on chromosomes. In 14/16 of these embryos, all ma-
ternal chromosomes were associated with the apolar spindle
(Fig. S5, C and D). In only two triple-depleted embryos (Fig. S5
E), chromosomes were observed far from the apolar spindle.
Attachment of chromosomes to microtubules in knl-1,3(kd) thus
may be mediated by KLP-7, by very low amounts of MEI-1/2 or
KLP-19, or by unknown factors.

Discussion
The results presented here extend the findings of Dumont et al.
(2010) by showing that KNL-1,3 are required for homolog sep-
aration and anaphase A chromosome-to-pole movement. Our
results are consistent with their study in that anaphase B ve-
locities are not affected by depletion of the KMN network and
this kinetochore-independent anaphase is highly error prone.
Dumont et al. (2010) reported that the number of chromosomes
on the metaphase II plate of knl-1(RNAi) embryos was altered to
5.6 from the wild-type number of 6. This number was reported
as a mean, and since error-prone anaphase I segregation can
result in loss or gain of chromosomes, the only clue to the se-
verity of this phenotype was the reported standard error of 1.1.
The finding that depletion of KNL-1,3 or NDC-80 diminishes
the bivalent stretching that occurs between metaphase and
preanaphase strongly supports the existence of poleward pulling
forces that may be established during spindle shortening. Pu-
rified NDC-80 complexes generate force at the plus end of de-
polymerizing microtubules (Powers et al., 2009), but only the
sides of microtubules have been observed in close proximity to
the ribosome-free layer of C. elegans chromosomes during late
metaphase by EM (Redemann et al., 2018). Possible explanations
for this discrepancy include the following: (1) Plus-end attach-
ments may have been missed in EM analysis because the kine-
tochore extends much farther poleward than the ribosome-free
zone, as suggested in Fig. 2. (2) Plus-end attachments may occur
only transiently just before homolog separation, a stage not yet
captured by EM. (3) The lateral contacts observed by EM are
converted to a transient plus-end attachment when each mi-
crotubule depolymerizes from its plus end. By analogy, the plus-
end contacts with the embryo cortex that mediate spindle
positioning have an average lifetime of 1.4 s (Kozlowski et al.,
2007). Photobleaching experiments indicate that meiotic spindle
microtubules turn over extremely rapidly (Yu et al., 2019). (4)
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NDC-80 and KNL-1 (Espeut et al., 2012) might bind the side of a
microtubule, while the minus end of that microtubule is trans-
ported toward the minus end of another microtubule by ROD-
l-independent dynein (Elting et al., 2014; Sikirzhytski et al.,
2014; Tan et al., 2018). (5) Pulling on the lateral surface of mi-
crotubules is generated either by an unknown KMN-dependent
protein or by an unknown mechanism of the known KMN
components. Whatever the mechanism, pulling is likely ach-
ieved by arrays of very short overlapping microtubules rather
than microtubules running contiguously from chromosome to
pole (Laband et al., 2017; Redemann et al., 2018; Srayko et al.,
2006).

The observation that both homologs that later separate dur-
ing anaphase B and bivalents that remain intact during anaphase
B undergo attenuated anaphase A movement toward spindle
poles in knl-1,3(kd) suggests a lack of poleward pulling forces that
persist during normal anaphase A. In addition, the presence of
GFP::KNL rings around him-8 univalent X chromosomes that are
stretched during late anaphase also supports the persistence of
pulling forces into late anaphase B. The homolog separation
failure after depletion of KNL-1,3 or NDC-80 thus could indicate
that homologs must be pulled apart even after cohesin cleavage.
Pulling might help resolve remaining topological entanglements
(Hong et al., 2018a, 2018b), or molecular crowding might slow
the separation of chromosome-sized objects by Brownian mo-
tion (Delarue et al.,, 2018) in the absence of pulling. Alterna-
tively, KMN might act as a positive regulator of separase
through an unknown mechanism. In Drosophila melanogaster
oocyte meiosis, the KNL-1 homolog SPCI105R is a negative reg-
ulator of separase (Wang et al., 2019). The end-to-end stacking of
bivalents at metaphase of knl-1,3(kd) spindles may also inhibit
homolog separation. Anaphase A homolog separation may be
important to generate a sufficient distance to allow the micro-
tubule polymerization between homologs that drives anaphase B
(Dumont et al., 2010; Laband et al., 2017).

Prior observations that spindle cutting on the poleward face
of C. elegans female meiotic spindles did not alter anaphase ve-
locity (Laband et al., 2017) and that cutting between separating
chromosomes immediately stopped chromosome movement
(Laband et al., 2017; Yu et al., 2019) are consistent with a long
history of spindle cutting experiments in mitotic and meiotic
spindles of a variety of species (Spurck et al., 1997, 1990). Elting
et al. (2014) and Sikirzhytski et al. (2014) found that poleward
chromosome movement after cutting on the poleward side was
caused by dynein-mediated transport of the minus end of a ki-
netochore fiber on other spindle microtubules. Thus, cutting on
the poleward face of a chromosome does not necessarily block
pulling forces on that chromosome. Cutting between homologs
in meiosis I or between sister chromatids in meiosis II or mitosis
is not possible until after proper chromosome separation has
started. Thus, midzone cutting experiments cannot show that
poleward pulling is dispensable for proper chromosome sepa-
ration. In some studies (Nicklas, 1989), neither cutting in front of
nor behind an anaphase chromosome was able to stop anaphase
motion.

The idea that anti-parallel microtubule bundles push on the
inner faces of separating chromosomes must be resolved with
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Figure 10. The kinesin-13 KLP-7 is retained on bivalent chromatin in KNL-1,3-depleted embryos. (A and B) Representative time-lapse sequences of
endogenously tagged KLP-7:mNeonGreen in control and knl-1,3(kd) embryos. Fluorescence intensity plots along the dotted red lines are shown for KLP-7::
mNeonGreen in green and mCherry::H2b in red. Purple arrowheads indicate spindle poles. (C) KLP-7::mNeonGreen fluorescence associated with chromosomes.
Error bars and values are mean + SEM. Bars = 3 pm. ****, P < 0.0001. mNG, mNeonGreen; RO, region of interest.

the observation that chromosome arms lag behind kinetochores
during anaphase B in species with localized centromeres (Inoué
and Ritter, 1978) and that chromosomes move in unison without
tumbling or dissociating from the spindle even in the presence
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of cytoplasmic streaming, as occurs in the C. elegans meiotic
embryo (McNally et al., 2010; Yang et al., 2003). Our finding that
KNL-1, KNL-3, and NDC-80, representatives of the three com-
ponents of the KMN network, all transition into rings that cover
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the inner face of anaphase B chromosomes suggests a possible
attachment point for pushing fibers.

Materials and methods

C. elegans strains were generated by standard genetic crosses,
and genotypes were confirmed by PCR. Genotypes of all strains
are listed in Table S1.

Live in utero imaging

L4 larvae were incubated at 20°C overnight on MYOB plates
seeded with OP50, except for auxin treatments in which L4
larvae were incubated at 16°C overnight, and FGP7 L4 larvae
were treated at 25°C overnight. Worms were anesthetized by
picking 20 adult hermaphrodites with a platinum wire into a
solution of 0.1% tricaine, 0.01% tetramisole in PBS in a watch
glass for 30 min as described in Kirby et al. (1990) and McCarter
et al. (1999). Worms were then transferred in a small volume (@
20 pl) to the center of a thin agarose pad (2% in water) on a slide.
Additional PBS was pipetted around the edges of the agarose
pad, and a 22-x-30-mm cover glass was placed on top. The slide
was then inverted and placed on the stage of an inverted mi-
croscope. Meiotic embryos adjacent to the spermatheca were
then identified by bright-field microscopy before initiating
time-lapse fluorescence. For all live imaging, the stage and im-
mersion oil temperature was 22°C-24°C. For all live imaging data
other than Video 2 and Fig. 8, A-C, single-focal plane time-lapse
images were acquired with a Solamere spinning disk confocal
microscope equipped with an Olympus IX-70 stand, Yokogawa
CSU10, Hamamatsu ORCA FLASH 4.0 CMOS (complementary
metal oxide semiconductor) detector, Olympus 100x/1.35 ob-
jective, 100-mW Coherent Obis lasers set at 30% power, and
MicroManager software control. Pixel size was 65 nm. Ex-
posures were 100 ms. Time interval between image pairs was
10 s with the following exceptions. Fig. 1, A-C; Fig. 3, A and B;
Fig. 5, A-C; and Fig. 6, B and C were acquired at 5-s intervals.
Fig. 5, D and F was captured at 15-s intervals. Focus was adjusted
manually during time-lapse imaging. Only images in which both
spindle poles and/or both bivalent halves were in focus were
used for quantitative analysis. Both poles or both half-bivalents
were considered to be in focus when both exhibited equal
brightness and sharpness.

For scoring spindle bipolarity by imaging GFP::ASPM-1
(Video 2 and data in text), nine images were acquired at 1-pm
z-steps for the first time point. Subsequently, single-plane im-
ages were acquired at 5-s intervals.

For documenting NDC-80 depletion from bivalents in Fig. 8,
A-C, z-stacks were acquired at 1-um steps and 100-ms exposures
through the entire nucleus of the -1 oocyte, the most mature
oocyte before nuclear envelope breakdown. -1 oocytes were
used because mNeonGreen::tubulin, which is required for
documenting anaphase A versus B, is excluded from the nu-
cleus, allowing documentation of GFP::NDC-80 depletion.
Only two or three focal planes were subjected to maximum
intensity projection for the figure because of cytoplasmic
mNeonGreen::tubulin fluorescence in the focal planes above
and below.
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Timing

Control spindles maintain a steady-state length of 8 um for 7 min
before initiating APC-dependent spindle shortening, followed by
spindle rotation, followed by homolog separation as the spindle
continues to shorten (anaphase A), and followed by a transition
to spindle elongation (anaphase B; McNally et al., 2016; Yang
et al., 2005). Because knl-1,3(kd) affects spindle dimensions,
spindle rotation (Vargas et al., 2019), chromosome congression,
and anaphase movement, we used time relative to the initiation
of spindle elongation to compare parameters between control
and knl-1,3(kd).

Auxin
C. elegans strains with knl-1 and knl-3 endogenously tagged with
auxin-inducible degrons and aTIR1 transgene were treated with
4 mm auxin overnight on seeded plates. dhc-1(AID) (Zhang et al.,
2015) strains were treated with 4 mm auxin for 1 h on seeded
plates.

RNAi

L4 larvae were placed on IPTG-induced lawns of HT115 bacteria
bearing L4440-based plasmids. After 48 h, worms were fixed or
imaged live. RNAI clones for aspm-1, rod-1, and mei-2 were from
the genomic RNAi feeding library (Medical Research Council
Gene Services, Source BioScience, Nottingham, UK; Kamath
et al,, 2003). C. elegans optimized GFP was cloned into L4440
for the GFP(RNAi) experiments.

Fixed immunofluorescence

C. elegans meiotic embryos were extruded from hermaphrodites
in 0.8x egg buffer by gently compressing worms between cov-
erslip and slide, flash frozen in liquid N2, permeabilized by re-
moving the coverslip, and then fixed in ice-cold methanol before
staining with antibodies and DAPI. The primary antibodies used
in this work were mouse monoclonal anti-tubulin (DMia;
Sigma-Aldrich; 1:200), rabbit anti-SEP-1 (Bembenek et al., 2007;
1:350), and rabbit anti-GFP (NB600-308SS; Novus Biologicals; 1:
600). The secondary antibodies used were Alexa Fluor 488 anti-
mouse (A-11001; Thermo Fisher Scientific; 1:200) and Alexa
Fluor 594 anti-rabbit (A11037; Thermo Fisher Scientific; 1:200).
z-stacks were captured at 1-pm steps for each meiotic embryo.
Images in Fig. 1, D and E; Fig. S1, C-F; and Fig. S5, C and E were
captured with an inverted microscope (Olympus IX-81) equip-
ped with a 60x PlanApo 1.42 objective, a disk-scanning unit
(Olympus), and an ORCA Flash 4.0 CMOS detector and con-
trolled with MicroManager software. Exposure time for anti-
GFP, DAPI, and anti-tubulin was 250 ms. Exposure time for
anti-SEP-1 was 500 ms. Pixel size is 130 nm. The images shown
are maximum intensity projections of five focal planes. Images in
Fig. S1, A and B were captured with the Solamere system described
under live imaging. Pixel size is 65 nm. Images in Fig. S1, A and B
were deconvolved with Huygens Essentials, and the images shown
are maximum intensity projections of four focal planes.

Fluorescence intensity measurements
Fluorescence intensity line profiles in Fig. 2 and Fig. 10 are from
single-focal plane images. Quantification of fluorescence
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intensity change in KNL-1:GFP/GFP:KNL-3 when transitioning
from cups to rings was done on single focal plane images using the
segmentation function in Ivision software (BioVision Technolo-
gies). Mean pixel intensities of kinetochores as metaphase cups
and anaphase rings were divided by mean background fluores-
cence intensity to generate a ratio for comparison between em-
bryos. mCherry::H2b values were also measured at these time
points as a control for photobleaching. All other quantifications
were done through Image] software. Fluorescence intensity of
KLP-7:mNeongreen was measured by drawing ellipses around
individual homologs. Mean pixel values were then divided by
background mean pixel values to generate a ratio for comparison.
mCherry::H2b values were also measured at these time points as a
control for photobleaching. A region of interest line was drawn
through spindles progressing through meiosis in Fig. 10, A and B
to show a change in KLP-7 localization over time relative to
mCherry::H2b as a control.

Bivalent stretching measurements

For Fig. 4, Fig. S3, and Fig. S5, spindles were filmed in utero at
10-s intervals. Metaphase values were measured 5.7 + 0.47 min
before initiation of spindle elongation. “Preanaphase” values
were measured 2.2 + 0.15 min before initiation of spindle
elongation because this corresponds to the time just before ho-
molog separation in controls. In the first method, a fluorescence
intensity profile was generated along a 1-pixel-wide line drawn
from a point halfway between one spindle pole and the proximal
half-bivalent to a point halfway between the opposite half-
bivalent and the opposite spindle pole. The peaks of mCherry
fluorescence were used as the centers of mCherry histone half-
bivalents. The outer edges of GFP::NPP-6 or mCherry histone
were determined as the points of half-maximal GFP or mCherry
fluorescence intensity. In the second method, a rectangular re-
gion of interest was drawn around each half-bivalent, and the
auto contrast function in FIJI was used to set the dimmest pixel
to black and the brightest pixel to white. Homolog centers were
determined by zooming, such that the cross-shaped cursor was
the same size as the homolog, and manually centering the cursor
over the homolog. The outer edges of GFP::NPP-6 were then de-
termined by visual inspection. Comparison of these two methods
on 10 bivalents by one-way ANOVA yielded P values of 0.88 for
NPP-6 outer edges and 0.98 for homolog centers. To ensure that
homologs had not yet separated at the time of each preanaphase
measurement, the ratio between peak mCherry pixel values and
the pixel values of the trough between homologs was made for
each bivalent. No significant difference in this ratio was found
between metaphase and preanaphase or between control and knl-
1,3(kd). Intrahomolog stretch in Figs. 4, D and E, was determined
by subtracting the distance between mCherry:H2b homolog
centers from the distance between the outside edges of NPP-6::
GFP-labeled outer edges of bivalents. Cross-sectional areas of
chromosomes in Fig. S3 D and Fig. S5 D were calculated by treating
bivalents as ellipses, using the equation 1/2(width) 1/2(length) m.

Anaphase velocity assays
For anaphase chromosome separation velocities in control em-
bryos for Fig. 5, Fig. 6, Fig. 8, Fig. 9, Fig. S2, and Fig. S4, the
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change in distance between homolog centers was divided by
time elapsed in minutes. For intact bivalent movement meas-
urements of auxin-depleted knl-1,3(kd) embryos in Fig. 5 J, the
change in distance was measured between the midbivalent re-
gions of each intact bivalent. Anaphase B velocities in Fig. 6 A
and Fig. S2 C included only chromosomes separating parallel
with the main spindle axis. Chromosomes segregating oblique to
the main spindle axis in three- or four-way anaphases were not
included in these figures; however, the velocities of these ob-
lique anaphase B movements were not significantly different
from the displayed values. For Fig. 8 anaphase A measurements,
one half of the pole-to-pole spindle shortening velocity was
subtracted from the rate of decrease in chromosome-to-pole
distance. For wild-type-appearing anaphase B, only the number
of embryos, N, is shown, since at this stage chromosomes
grouped together and were treated as one moving mass.

Statistics

P values were calculated in GraphPad Prism using Student’s
t test for comparing means of only two groups (e.g., Fig. 2 D),
one-way ANOVA for comparing means of three or more groups,
and Fisher’s exact test when comparing frequencies of contingent
data.

Online supplemental material

Fig. S1 shows anti-GFP staining relevant to Fig. 3 and anti-SEP-1
staining relevant to Fig. 5. Fig. S2 compares depletion methods
relevant to Fig. 3. Fig. S3 shows bivalent stretching data relevant
to Fig. 4 and Fig. 8. Fig. S4 shows AIR-2 localization relevant to
Fig. 5 and triple-depletion results. Fig. S5 shows KLP-7 locali-
zation relevant to Fig. 10 and triple-depletion results. Table S1
presents the C. elegans strain list. Video 1 is relevant to Fig. 1 and
Fig. 2. Video 2 is relevant to Fig. 3. Video 3, Video 4, Video 5, and
Video 6 are relevant to Fig. 5. Video 7 is relevant to Fig. 7. Video 8
and Video 9 are relevant to Fig. 8. Video 10 is relevant to Fig. S4
and triple-depletion results.
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Figure S1. Separase localizes normally after KNL-1,3 depletion. Meiotic embryos were fixed and stained with anti-separase (SEP-1), anti-GFP, and DAPI.
(A-D) Single bivalents in metaphase | embryos of the indicated genotype. Values for SEP-1 are the mean pixel value of the brightest region around a bivalent +
SEM. Results of Student’s t test: control RNAi versus GFP(RNAi), P = 0.037; and AID no auxin control versus AID + auxin, P = 0.71. (E and F) Early anaphase

spindles with separase localized in between separating chromosomes. Bars = 2.6 um.
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Figure S2. Comparison between auxin-inducible degron and GFP(RNA{) double depletions of endogenously tagged KNL-1 and KNL-3. (A) Frequency of
congression defects observed in time-lapse sequences. Auxin versus GFP(RNAI), P = 1; Fisher’s exact test. (B) Rates of anaphase A chromosome separation
during the time interval that anaphase A occurred in controls (90 s from anaphase B onset). Auxin versus GFP(RNAI), P = 0.99; ANOVA. (C) Frequency of the
anaphase defects depicted in the cartoon, determined from time-lapse sequences. Auxin versus GFP(RNAi) three- or four-way anaphase, P = 0.69; intact
bivalent segregation, P = 1; Fisher’s exact test. (D) Anaphase B velocities determined from time-lapse sequences. Auxin versus GFP(RNAI), P = 0.87; ANOVA.
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Figure S3. Bivalent stretching in KNL-1,3-depleted embryos and NDC-80-depleted embryos measured from mCherry::histone live images. (A) Di-
agram depicting increased length and decreased width expected from pulling. (B) Images of single bivalents taken from time-lapse sequences. (C) KNL-
1,3-depleted bivalents are wider than controls due to decreased end-on pulling forces. (D) KNL-1,3-depleted bivalents are shorter than controls. (E) No
significant difference in cross-sectional area between control and knl-1,3(kd) bivalents. (F) Distances between homolog centers in GFP:NDC-80 embryos
treated with control or GFP(RNAI) indicate reduced stretching between metaphase and preanaphase. (G) Bivalent width decreases in NDC-80-depleted
embryos, indicating residual stretching. (H) End-to-end bivalent length measurements indicate reduced stretching after NDC-80 depletion. (1) Cross-sectional
area does not change in control or NDC-80 depletion. Bar = 1 pm. Error bars and values are mean + SEM. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001; ANOVA. N, number of embryos; n, number of bivalents.
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Figure S4. AIR-2 localizes normally in knl-1,3(kd) bivalents. AID triple depletions of KNL-1,3 and chromokinesin KLP-19 or SUMO E3 ligase GEI-17.
(A-C) Representative time-lapse sequences of GFP-tagged AIR-2 (A and B) or mCherry-tagged SUMO (SMO-1; C) in control (A and C) or knl-3(kd) (B) embryos.
Brackets in B indicate an intact bivalent segregating. (D) Time-lapse images of a spindle following overnight auxin-induced degradation of KNL-1,3, and KLP-19.
(E) Time-lapse images of a spindle following overnight auxin-induced degradation of KNL-1,3, and GEI-17 displaying an abnormal disorganized structure. (F and
G) No significant difference is observed in anaphase A or B velocities for KNL-1,3 double depletion or either triple depletion. (H) In 2/14 live time-lapse
sequences, an intact bivalent (arrowhead) escaped the spindle in KNL-1,3 and KLP-19-depleted spindles during late anaphase I. It did not reincorporate into the
MII spindle. Error bars and values are mean + SEM. ¥, P < 0.05; ****, P < 0.0001. Bars = 3 um. N, number of embryos; n, number of chromosomes. mCh MCH,
mCherry; TUB, tubulin.
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Figure S5. The kinesin-13 KLP-7 is retained on bivalents following KNL-1,3 depletion. (A and B) Representative time-lapse sequences. (A) In control
spindles, endogenously tagged KLP-7:mNG localizes to meiotic spindle poles, the main chromatin masses, and in midbivalent rings. (B) Following KNL-1,3
depletion, KLP-7::mNG is retained on the main chromatin masses but is no longer present at spindle poles or midbivalent rings. (C-E) Results of fixed im-
munofluorescence. (C and D) Following triple GFP(RNAi) depletion of endogenously GFP-tagged KNL-1,3 and MEI-1, all bivalents were associated with apolar
meiotic spindles in the majority of embryos. (E) Example of a rare occurrence of errant maternal chromosomes that appear to have left the meiotic spindle.
Bars (A-C) = 3 um. Bars (E) = 7 um. MI, meiosis one; mNG, mNeonGreen.

Video 1. Control meiosis I filmed in utero in a strain with endogenously GFP-tagged knl-1 and knl-3 genes and a transposon insertion expressing
mKate::tubulin. Playback speed is six frames per second.
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Video 2. Demonstration of spindle bipolarity after KNL-1,3 double depletion. z-Stack of images taken at 1-um steps through a KNL-1, KNL-3 double-
depleted, 4 mm auxin, metaphase | spindle filmed in utero in a strain with auxin-induced degrons appended to the endogenous knl-1 and knl-3 genes and GFP
appended to the endogenous aspm-1 gene and expressing TIR1, GFP::tubulin, and mCherry::histone H2b from transgenes.

Video 3. Control, no auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the endogenous knl-1 and knl-3 genes and
expressing TIR1, GFP::tubulin, and mCherry::histone H2b from transgenes. Playback speed is six frames per second.

Video 4. KNL-1, KNL-3 double depletion, 4 mm auxin, meiosis I filmed in utero in a strain with auxin-induced degrons appended to the endogenous
knl-1 and knl-3 genes and expressing TIR1, GFP::tubulin, and mCherry::histone H2b from transgenes. Playback speed is six frames per second.

Video 5. KNL-1, KNL-3 double depletion, 4 mm auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the endogenous
knl-1 and knl-3 genes, endogenously GFP-tagged aspm-1 gene, and expressing TIR1 and mCherry::histone H2b from transgenes. Playback speed is six
frames per second.

Video 6. Delayed separation of homologs after KNL-1, KNL-3 double depletion. Meiosis | filmed in utero in a 4-mM auxin-treated strain with auxin-
induced degrons appended to the endogenous knl-1 and knl-3 genes and expressing TIR1, GFP::tubulin, and mCherry::histone H2b from transgenes. Left arrow:
bivalent splits and the two homologs segregate to opposite poles. Upper right arrow: bivalent splits after segregating intact to one pole. Lower right arrow:
bivalent segregates intact to one pole and remains intact at the end of the time-lapse sequence. Playback speed is six frames per second.

Video7. Lagging univalent X chromosome segregation during meiosis I filmed in utero in a him-8 strain with endogenously GFP-tagged knl-1 and knl-3
genes and a transposon insertion expressing mCherry::histone H2b. Playback speed is six frames per second. mNG, mNeonGreen.

Video 8. RNAi control meiosis | filmed in utero in a strain with endogenously GFP-tagged ndc-80 gene and a transposon insertion expressing
mNeonGreen::tubulin and mCherry::histone H2b. Playback speed is six frames per second. mNG, mNeonGreen.

Video 9. NDC-80 depletion, via GFP(RNAi), meiosis | filmed in utero in a strain with endogenously GFP-tagged ndc-80 gene and a transposon in-
sertion expressing mNeonGreen::tubulin and mCherry::histone H2b. Playback speed is six frames per second.

Video 10. KNL-1, KNL-3, GEI-17 triple depletion, 4 mm auxin, meiosis | filmed in utero in a strain with auxin-induced degrons appended to the
endogenous knl-1, knl-3, and gei-17 genes and expressing TIR1, GFP::tubulin, and mCherry::histone H2b from transgenes. Playback speed is six frames
per second.

Table S1, which is provided online, presents the C. elegans strain list.
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